Synthesis of monolayer FeSe on SrTiO3, with greatly enhanced superconductivity compared to bulk FeSe, remains difficult. Lengthy annealing within a certain temperature window is always required to achieve superconducting samples as reported by different groups around the world, but the mechanism of annealing in inducing superconductivity has not been elucidated.
FeSe, with the simplest structure and chemical composition among Fe-based superconductors, has been intensely studied in the past decade [1] . It distinguishes itself in various aspects and poses many remaining unresolved questions. Bulk tetragonal FeSe has a superconducting transition temperature Tc ≈ 8 K [2] . Monolayer tetragonal FeSe grown on SrTiO3 (STO) show greatly interface-enhanced superconductivity with Tc up to 65 K [3] [4] [5] [6] , albeit only after a long post-annealing process. Efforts have been focused on understanding the mechanisms of enhanced superconductivity, since this may lead the way to the design of new superconductors with higher Tc.
High Tc superconducting FeSe thin films are mostly grown by molecular beam epitaxy (MBE).
A Se-rich condition is employed with the flux ratio ΦSe:ΦFe ranging from 5 to 20, with a substrate temperature well above the evaporation temperature of Se [6] [7] [8] . Ideally, FeSe grown this way should be stoichiometric with Fe:Se = 1:1, but the long post-growth annealing process required to reach superconducting states suggests otherwise [9, 10] . Although stoichiometry has been difficult to characterize in thin film FeSe, it does affect the properties of bulk FeSe substantially. There exist multiple bulk phases of FeSe such as hexagonal α-FexSe, tetragonal β-FexSe and hexagonal γ-Fe7Se8 [11, 12] , among which only the β phase is superconducting when x ≈ 1 [12, 13] . Almost defect-free β-FeSe single crystals have been obtained with Tc ~ 10 K [14, 15] . Depending on the synthesis conditions, Fe vacancies or excess Fe atoms could be present in the bulk crystals and suppress the superconductivity. Substantially more Fe vacancies in β-FexSe leads to ordered crystal forms such as Fe3Se4, Fe4Se5, Fe9Se10 [16] .
Because of the high Se flux used in MBE growth, the existence of excess Fe atoms or Se vacancies in thin FeSe films become unlikely. The presence of Fe vacancies may lead to the as-grown non-superconducting thin films. By in situ scanning tunneling microscopy (STM), the as-grown FeSe films on STO show high density of dumbbell-like defects and an insulating energy gap. With annealing, the defects are reduced, the film becomes metallic and the superconducting gap opens up at Fermi energy [7, 9, 17, 18] . In fact, similar observation has been made on FeSe films on graphene as well, although the superconducting gaps are different [8, 18] . Density functional theory calculations have attributed these dumbbell defects to Fe vacancies and claimed that they can diffuse between Fe sites during annealing and eventually move to the edge of the film [18] . Opposite observations include a recent STM work revealing increase of FeSe film coverage after depositing additional Se at a low temperature, suggesting ~20% excess Fe in their films [19] . In addition, one scanning transmission electron microscope work shows the existence of interstitial Se atoms between FeSe and STO, although not in the FeSe itself [20] , raising further questions about stoichiometry in few-layer FeSe films. Lack of direct experimental evidence makes it difficult to pin down how the stoichiometry affects the superconducting transition in FeSe films.
In this work, we grow few unit-cell (UC) FeSe films on STO and deposit small amounts of additional Fe onto the as-grown films. Adding the Fe atoms substantially improves the film quality and induces superconductivity without post-anneal process. This approach serves as an alternative, easy, and time-saving method compared to the many hours of annealing required in the past. The Tc of monolayer FeSe on STO by this method can reach as high as the annealed samples in transport measurements, directly indicating that the as-grown FeSe films possess Fe vacancies in the layer structure. In a 5-UC sample, we can control the surface reconstruction and stoichiometry by alternating deposition of Se and Fe and switch the FeSe multilayer between a Fe-vacancy phase and the superconducting phase.
FeSe films were grown on treated undoped STO substrates (CrysTec GmbH), using procedures similar to other groups [9, 21, 22] . The base pressure of the MBE chamber was ~1 × 10 -10 Torr.
The flux ratio ΦSe:ΦFe ≈ 5. The substrate temperature was 420 °C for growth and 480 °C for anneal. The samples were monitored by reflection high-energy electron diffraction (RHEED).
The growth rate was ~0.2 UC/minute, determined by RHEED intensity oscillation [23] .
RHEED pattern simulations were generated by a program written in Wolfram Mathematica.
For transport measurements, samples were capped by 12-UC FeTe grown at 280 °C following standard procedures [21] . Transport measurements were carried out in a Quantum Design physical property measurement system (PPMS) with four-terminal method. Gold wires were bonded on the samples with indium lumps as the electrodes.
Figures 1(a) and (b) show the typical RHEED images of STO and as-grown monolayer FeSe
grown at 420 °C, respectively. The FeSe film has 1 × 1 square structure with lattice constant a = 3.85 angstroms, calibrated by the distance between diffraction streaks. Unlike the usual routine of annealing at higher temperature in ultrahigh vacuum for many hours, we kept the film at the growth temperature 420 °C, and deposited Fe atoms onto it. The RHEED intensity increased as shown in Figs. 1(c) and (d). It reached the maximum in 37 seconds and then decreased and we stopped the Fe deposition after that (shaded area in Fig. 1(d) ). Both (01) and (00) diffraction streak intensities showed similar trend with deposition especially the (01) was increased by 24 %. The RHEED intensity was enhanced without any sign of new phases or reconstructions, indicating that the as-grown film contained disordered Fe-vacancies and the subsequently deposited Fe improved the stoichiometry and the overall quality of the film. Once the optimal stoichiometry was reached, which corresponded to the maximum intensity, additional Fe atoms started to accumulate on the surface and lower the RHEED intensity.
The extreme sensitivity of RHEED to the surface crystal structures allows us to capture small changes in the amount of Fe vacancies in the film. Taking the maximum RHEED intensive peaks as the indication of correct stoichiometry, we estimate the Fe vacancy fraction δ in asgrown Fe1-δSe film by the deposition time δ = tFe/(tFeSe+tFe) = 0.12, where tFeSe and tFe are the Fe-Se codeposition time and the Fe deposition time before the maximal intensity ( Fig. 1(d) ), respectively, with the same Fe flux. The estimated Fe vacancy fraction δ varies between different monolayer samples and ranges from 0.07 to 0.16 in our experiments.
The films were cooled down to 280 °C right after the Fe deposition and capped with 12-UC FeTe. Fig. 1 (e) shows the transport measurements results of a typical as-grown sample and the Fe-adjusted sample. The as-grown sample only showed the typical structural and antiferromagnetic transition of the FeTe capping layer at 80 K [24] and an insulating behaviour below 15 K, while the Fe-adjusted sample was more conductive and exhibited a superconducting transition. Closer observation in low-temperature range shown in Fig. 1(f) gives the transition temperatures Tc onset = 31 K, Tc mid = 23 K, and Tc 0 = 18 K, similar to other groups' results of annealed samples [9, 10, 20] . The Tc shifted to lower temperatures when an external magnetic field was applied, a result of the Meissner effect in a superconductor. We conclude that enhanced superconductivity in monolayer FeSe/STO can be achieved merely by increasing Fe content.
To compare, we prepared another monolayer sample ( Figure 2 ) and applied the standard annealing process at 480 °C for 3 hours. As shown in Figs. 2(a) and (b), the RHEED intensity increased after annealing, manifesting the improvement of the crystal quality. To calculate the Fe vacancy content in annealed samples, we deposited Fe at 420 °C and carried out the same analysis method used in Fig. 1(d) . The time to reach the maximal RHEED intensity was only 8 seconds and the relative increase of the intensity was < 5 % (red curve in Fig. 2(c) ), much less than those for the as-grown samples (black curve in Fig. 2(c) ), indicating the annealed film contained lower Fe vacancy fraction (δ ≈ 0.02). As shown in Fig. 2(d) , the transport results are quite similar to those of the merely Fe-adjusted samples, with Tc onset = 33 K, Tc mid = 23 K and Tc 0 = 16 K.
We have shown both annealing and Fe deposition can induce superconductivity in FeSe films with similar transition temperatures. Either method reduces the Fe vacancies that are commonly generated during the MBE growth procedures, and eventually leads to stoichiometric films.
However, adding Fe atoms is more efficient compared to the typical several to tens of hours annealing that is required.
This approach is further confirmed by RHEED studies of multilayer films. Reconstructed surface structures can provide a good indication of the existence of defects such as Fe vacancies, and their evolution can be easily tracked and characterized by RHEED. We utilize the (√5 × √5)-R26.6° reconstruction that can be generated on thicker FeSe films to guide our experiments on multilayer films. Heavily Se-rich multilayer FeSe may show either √5 × √5 or √5 × √10 reconstruction [7, 8, 25] , and the corresponding films are both insulating. STM studies have shown that the √5 × √5 reconstructions consists of ordered dumbbell-like defects which are suggested to be Fe vacancies by theoretical calculations [8, 18] .
We deposited a 5-UC FeSe film that was 1 × 1 as grown, and then intentionally introduced (√5 × √5)-R26.6° reconstruction by annealing the film under Se flux at 250 °C for 5 mins ( Fig.   3 and Fig. 4(a) ). Note that the 250 °C temperature is above the evaporation temperature of Se, so most of Se will re-evaporate from the surface, while a small number of Se atoms diffuse into the film and drive the whole film to the √5 × √5 structure with more Fe vacancies. As shown candidate for the √5 × √5 structure is the Fe4Se5 phase, in which 20% Fe vacancies are arranged in √5 × √5 ordering [16] . As depicted in Fig. 3(e) , the unit cell of the vacancy-ordered Fe4Se5 lattice is consistent with (√5 × √5)-R26.6° supercell of FeSe and naturally has two equivalent orientations that lead to two kinds of domains in the films. Interestingly, Fe4Se5 is an antiferromagnetic insulator [16] , also consistent with recent observations on asgrown multilayer FeSe films on STO [26] .
Depositing Fe onto this √5 × √5 surface can recover the structure to 1 × 1 FeSe (Figs. 4(a) and (b)). The (01) diffraction streak intensity increased by ~60% when reaching the maximum at tFe = 364 seconds ( Fig. 4(c) ) and the √5 × √5 order disappeared during the deposition ( Fig.   4(b) ). Note that the deposition time tFe here is much longer than that for the 1-UC films ( Fig.   1(d) Intriguingly, this process is reversible by alternating the deposition of Fe and Se atoms. We carried out cycles of Se and Fe deposition on the same sample ( Fig. 4(c) ) and found that the film switched between two phases: the √5 × √5 order as shown in Fig. 4(a) after Se deposition and 1 × 1 order as shown in Fig. 4(b) after Fe deposition. The 5-UC film after two cycles of Se-Fe deposition still showed superconductivity in transport measurement with Tc mid = 18 K ( Fig. 4(d) ). The possible causes of the lower Tc include (1) the Tc of FeSe on STO decreases with increasing film thickness [10] ; (2) for multilayer FeSe on STO, only the first layer can be superconducting [3, 27] , and it's more difficult for Fe atoms to penetrate the top layers to completely restore the stoichiometry of the bottom layers. Nevertheless, the results of the 5-UC film show that our method can control the stoichiometry of FeSe in a straightforward fashion, and demonstrate that the stoichiometry of FeSe films plays a key role in the emergence of superconductivity. Although the transition widths differ (most likely due to different homogeneity of the films), the Tc mid , which reflects the average Tc of the entire sample, falls in a narrow range of [22] [23] [24] K. This again manifests that the essence of the annealing process is increasing the Fe content in FexSe toward x = 1. We not that x could be above 1 if Fe atoms are over-deposited. However, the excess Fe on FeSe films, if any, will react with Te during the growth of FeTe capping layers.
As magnetic impurities, excess Fe atoms would strongly suppress the superconductivity [28] . Therefore, the superconducting FeSe films showing optimal Tc, either annealed or Fe-adjusted, should be close to stoichiometry.
It has been widely accepted that electrons transferred from the STO to the FeSe film play a critical role in determining the superconducting properties [4, 29] . Oxygen vacancies dope the STO surface and provide electrons for FeSe films [30] . They are usually generated during the annealing of STO in vacuum [22, 31] . Since we have made the FeSe films superconducting without long time annealing, we argue that the oxygen vacancies are not primarily generated in the annealing process but in the pre-treatments of the STO substrates. Hence, the increase of electron concentration observed in FeSe films during annealing [4] probably result from the removal of Fe vacancies.
Various mechanisms might contribute to the restoration of superconductivity. Previous study observed that when the annealing is insufficient, surface doping by potassium cannot induce well-defined superconductivity [32] , which is in contrast to Fe deposition, implying that tuning the stoichiometry has more effects than charge doping. Magnetic exchange bias effect measurements provided evidence for antiferromagnetic order in as-grown FeSe films, which becomes absent after annealing [26] . The dissolve of magnetic order may be a hint to the spin fluctuation, one of the proposed pairing mechanisms for FeSe [29, 33] . Furthermore, scanning tunneling spectroscopy has shown that Fe vacancies destroy the superconducting gap and induce bound states [34] . By removing these defects with annealing or Fe deposition, we minimize the scattering of the Cooper pairs. Multiple factors need to be considered in future studies to interpret the emergence of superconductivity in FeSe thin films.
Since its discovery in 2012, FeSe/STO has drawn great attention to its particular properties that are distinct from the bulk, e.g. the high Tc, the electron doping and the interface electron- 
